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I Abstract

I
THIS REPORT presents the results of the joint experimental program on

cavitation scale effects conducted at the Ordnance Research Laboratory,
The Pennsylvania State College, and the Hydrodynamics Laboratory. Cali-
fornia Institute of Technology. Two families of axially symmetric bodies
were tested in the Garfield Thomas Water Tunnel at ORL and in the High-
Speed Water Tunnel at CIT. One family of bodies consisted of models with
hemispherical noses while the other geometrically similar family had 1. 5-
caliber ogive noses.

I It was found that in spite of differences in the test facilities, such as
the resorber in the High-Speed Water Tunnel circuit, the measurements
for incipient cavitation taken at CIT and ORL showed good agreement. The
dependence of the incipient cavitation number upon free-stream velocity
and model size, previously observed at CIT, was verified. In addition, the
range of model sizes was extended to larger scale for the ORLexperiments.
It was found that the values for the incipient cavitation number for each
family of models could be represented as a function of the product of the
flow velocity and the square root of the model size. These results show
that for cavitation tests of small models it is not correct to assume that
the incipient cavitation number equals the negative of the minimum pres-
sure coefficient.

I
I
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I
I
I





S'!i

Contents

PAGE

Introduction ................................................... I

Test Procedure ..................................................... z

Reduction of Data .................................................. 4

Discussion of Results ............................................... 6
Dependence of a, on v. .... .................................. 6
Dependence of -, on Reynolds Number ....................... 13
Dependence of , on Vdt ..... ............................... 13

Conclusions ................................................... 1Q

A ppendix A .................................................... 21
Models and Test Configurations ................................ 21

A ppendix B . ................................................... 2 4
Corrections for Tunnel Constraint .............................. 24

A ppendix C .................................................... 2 6
Tables of Experimental Data ................................... 26

References ......................................................... 33

Illustrations

PAGE

Fig. I. Noise Generated by Cavitation on 1-1/8-Inch Hemi-
sphere - ORL Data ..................................... . 3

Fig. 2. Incipient Cavitation Number vs Free-Stream Velocity

for 1/4-Inch Hemisphere - CIT and ORL Data ......... 7

Fig. 3. Incipient Cavitation Number vs Free-Stream Velocity
for 3/9-Inch Hemisphere - CIT and ORL Data ......... 7

Fig. 4. Incipient Cavitation Number vs Free-Stream Velocity
for 1/2-Inch Hemisphere - CIT and ORL Data ......... 8Io

Fig. S. Incipient Cavitation Number vs Free-Stream Velocity
for I-I/6-Inch Hemisphere - CIT and ORL Data ....... 8

Fig. 6. Incipient Cavitation Number vs Free-Stream Velocity
for 2-Inch Hemisphere - CIT and ORL Data ........... 9II



PAGE

Fig. 7. Incipient Cavitation Number vs Free-Stream Velocity
for 4-Inch Hemisphere - CIT and ORL Data .............. 9

Fig. 8. Incipient Cavitation Number vs Free-Stream Velocity
for 8-Inch Hemisphere - ORL Data ...................... In

Fig. 9. Incipient Cavitation Number vs Free-Stream Velocity
for 1/2-Inch Ogive - CIT and ORL Data ............... 10

Fig. 10. Incipient Cavitation Number vs Free-Stream Velocity
for I-Inch Ogive - CIT and ORL Data .................... I I

Fig. II. Incipient Cavitation Number vs Free-Stream Velocity
for 2-Inch Ogive - CIT and ORL Data .................... 11

Fig. 12. Incipient Cavitation Number vs Free-Stream Velocity
for 4-Inch Ogive - CIT and ORL Data .................... 12

Fig. 13. Effect of Free-Stream Velocity upon Incipient Cavita-
tion for All Hemisphere and Ogive Models ............. Z

Fig. 14. Effect of Model Size upon Incipient Cavitation for Sev-
eral Values of the Free-Stream Velocity .............. 13

Fig. 15. Incipient Cavitation Number vs Reynolds Number - ORL
Data ...... ............................................ 14

Fig. 16. Incipient Cavitation Number vs Reynolds Number - CIT
Data ...... ............................................ 14

Fig. 17. Correlation of ORL Hemisphere Data with v0 1l ...... 16

Fig. 18. Correlation of CIT Hemisphere Data with v.6 ....... 16

Fig. 19. Correlation of ORL Ogive Data with vid 7............. 17

Fig. 20. Correlation of CIT Ogive Data with V' ................ 17

FiR. 21. A Comparison of VY." Correlations Obtained at CIT
and ORL ............................................... 18

Fig. A-I. ORL Arrangement for Supporting 4-Inch Hemisphere... 21

Fig. A-Z. The 4-Inch 1. 5-Caliber Ogive Model Installed in the
High-Speed Water Tunnel ............................... 23

Fig. B-i. Experimentally Determined Blockage Correction
Factors ....... .................................... .. 25

Fig. B-Z. Pressure Distribution Around 4-Inch Hemisphere Nose
in the High-Speed Water Tunnel ......................... 25

Fig. 5-3. Comparison of CIT and ORL Data for 4-Inch Hemi-
sphere with Iowa and CIT Blockage Corrections Applied
to CIT Data ............................................ 25

Fig. 8.4. Effect of Tunnel Walls upon the Pressure Distribution
of 1. 5-Caliber Ogive Noses ............................ 25



B

Introduction

EXPERIMENTS at the Hydrodynamics Lab- pressure be lowered from the noncavitating
oratory, California Institute of Technologyl,*. flow state to determine incipient cavitation. How-

have shownthat the inception of cavitation on geo- ever, experience has shown thatthe present def-
metrically similar bodies in steady rectilinear inition enables one to obtain reproducible data

liquid flow is definitely influenced by the size of for that flow state at the highest free-stream

the body and the free-stream velocity. Further, static pressure for which cavitation can occur
it has been found theoretically that if Reynolds- at a given velocity on smooth bodies. If the pres-
number effects are neglected, the inception of sure is lowered to this value, cavitation may or

cavitation still depends upon both free-stream may not occur, and its occurrence depends in a

velocity and model size 3 . For the experiments random manner upon the time during which the
performed at CIT. the largest body in any geo- pressure is held at the lower value. Thus, the

metrically similar family of axially symmetric present definition offers the engineering advan-
models was two inches in diameter. Conse- tage that conservative values can be found, and
quently. it was desirable to extend the range to it simplifies the problem by excluding anytime

larger sizes. Further, no other laboratory had dependence as well as giving reproducible experi-
attempted to confirm the trends observed at CIT. mental results. We use the customary definition

Therefore, the Ordnance Research Laboratory for the cavitation number, u , namely,
at The Pennsylvania State College and the Hydro-
dynamics Laboratory at CIT have been cooper-

ating in a joint research program to extend ob- - .DI 3

servations of incipient cavitation to larger models OV.
and to compare the results obtained when a given
series of models is tested in two different test

facilities. This report presents the results of where P. is the free-stream static pressure, o,

the joint research program which was carried is the liquid vaporpressure, p isthe liquidden-
out in the 14-inch High-Speed Water Tunnel of sity, and v. is the free-stream velocity.

the Hydrodynamics Laboratory, CIT, and the 48-[ nch Garfield Thomas Water Tunnel at ORL.
In this investigation we have confined our-

Throughout this report we shall use the term selves to determining visually the incipient cavi-I "incipient cavitation number", a . to designate tation number of two families of geometrically
that state of liquid flow in which cavitation dis- similar axially symmetric bodies in steady rec-
appears as the static pressure is slowly increased tilinear flows at various free-stream velocities
at constant free-stream velocity.-* We shall and at several values of dissolved-air content.
also include that state in which small wisps of The two model shapes consist of right circular

cavitation occur only intermittently near the point cylindrical bodies with hemispherical noses for
of lowest pressure onthe model. This definition one family and with I. 5-caliber ogive noses for

Isonlyone ofseveral .ys bywhich the inception the other family. The family of hemispheres

conditions could be determined. For example, includes models 1/4, 3/8, 1/2, 1-I/8, 2, 4 and
it might seem more logical to reqixire ,hat the 8 inches in diameter while the family of 1.$-

caliber ogives includes models I/Z, I, 2 and 4

0 Superscribed numbers referto the list of ref- inches in diameter. Except for the four- and

erences. eight-inch models, the hemisphereswere among
those tested byKermeen Z at CIT. More detailed

*0 KermeenZ calls this flow state "intermittent descriptions of the modelsand the test arrange-

incipient cavitation". mernts are given in Appendix A of this report.

in



Test Procedure

The general test procedures for the tests at Thus at least two points were obtained for each
ORL and CIT were essentially the same for all velocityand a check was made on "personal con-
models. The tunnel velocity was held constant stants" for identifying incipient cavitation. In
and the free-stream static pressure was lowered practically all cases the two readings agreed
until cavitationwas established around the entire very closely. For those models and velocities
nose. The pressure was thenraised until incip- where very lowworking-section pressures were
ient cavitation was seen to exist (usually on top required, air came out of solution and the re-

of the model near the lowest-pressure point), suiting entrained air obscured the model and
The free-stream static pressure measurement made data impossible to obtain if the very low
was then recorded and free-stream velocity read- static pressure was held for too long a time.
ings were taken in terms of the pressure differ- This difficultywas overcome by making a meas-
entials across the water-tunnel nozzles. At both urement as quickly as possible after the free-
CITandORL, tunnel pressure fluctuations caused stream static pressure had been lowered. Then

the conditions for incipient cavitation to be un- the working-section pressure would be raised to
steady. The test conditions at ORL, and occa- 40 psia and held there for ten minutes to redis-

sionally at CIT, would change from too much solve the entrained air before another reading
tavitation to incipient cavitation and then to no was taken. It was usually at the end of these
cavitation. The entire cycle repeated itself in high-pressure periods that water samples were
various orders. At CIT, where the fluctuations collected for a Van Slyke analysis of the dis-
were less severe, a random pressure rise would solved air concentration. In addition to the
often cause the incipient cavitation to vanish, sample which was takenfrom the nozzle section,

The cavitation would not return even though the samples were sometimes also taken from the
pressure would fall again to a low value, so that diffuser section and the lower leg of the tunnel.
casitation had to be completely re-established. This procedure was followed to check the homo-

Therefore, it was necessary to correlate the in- geneity of the water samples. The air-content
ceptionionditions with the static pressure read- readings of such triple samples were found to

ings by recording only those static pressure agree within five per cent.
readings which were observed when incipient cav-

itation was seen on the body. The methods used At CIT, the resorber 4 in the High-Speed
for measuring the free-stream velocity were Water Tunnel circuit allows for continuous op-

slightly different at the two laboritories. At eration without appreciable air entrainment so
ORI. sequences of differential pressure readings that special techniques were not required. The
were recorded during every observation period, determinations of air content, with a Van Slyke

These pressure differences were then averaged apparatus, for the CiTexperiments followed the

so that an average velocity could be calculated procedure outlined by Kermeen 2 .
for each period when incipient cavitation obser-
vations were made. At CIT. the differential In addition to visual observations, some
pressures were averaged in this way only for sound measurements were made with the ORL
tunnel speeds in excess of 60 fps. For lower acoustic apparatus5 . As with the visual obser-

velocities, the static and differential pressure vations, the velocity was held constant and the
readings were taken simultaneously when incip- pressure was lowered until the nose cavitated all

ient cavitation was seen on the model, over. The static pressure was then gradually
raised through the cavitation range while the

Duringthe ORLexperiments. each observer hydrophone acoustic pressure readings and the
noted the cavitation condition at each velocity. working-section static pressure readings were

ii



correlated bythe observers. The result of such
measurements for the !I- l/4-inch-diameter hem-
isphere is shown in figure 1. The shape of the •
curve is like that given in reference 2, figure 4,
although the curve of figure I does not have as

sharp a peak. If the maximum point is arbitrarily
taken as the point of inception, we find a value
of 0.64 for the incipient cavitation numbcr at a C
free-stream velocity of 51 fps. Thisvalue shows
good agreement with ORL visual value of 0. 646
(figure 5). For the larger bodies, the difference

in hydrostatic pressure from the bottom to the *

top of the model allows various degrees of cavi- 35

tation to be distributed around the nose, fror, 0 TEST No 710
nearlyincipient atthe bottom, say, to more pro- -
nerly ncipient at the otom, Thisaydtostatic morect r. 505 Esfc
fuse cavitation at the top. This hydrostatic effect CTf.'OWj4

OAI CONTENT, 10 3 CULUt
tends to make the sound peak more gradual for
models whichare larger than twoinches in dian- 25

eter. Thus, the acoustic determination loses
its usefulness if the point of maximum acoustic
pressure is to be used to define incipient cavi-

tation.

5 4S 5 I's

For the smaller models tested at both ORL CAVITATION NuMBER, O
and CIT a noticeable "hysteresis- 2 inthe -avi-

i. L ,kNL4A TL1 MY IAV I1A I:'IN Ntation phenomenon was observed. When the pres- I 1 6 ,!Ii HE.IMSILRL - R rI DA I A
sure was lowered rather quickly below the
inteptin point, cavitation would not occur irr,- the general procedure of first establishing cavi-
mediately. When cavitation finally appeared, its tation and then raising the pressure to its value
state was more highly developed than the incip- for visual incipient cavitation has been found to

tent state of the Maximum of figure 1, and it was be the most practicable for this study, as this
thennevessary tointreasethe pressure to attain procedure avoids the above difficulty and allows
incipient conditions. As mentioned previously, reproducible data to be obtained easily.

I3
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Reduction of Data

T he avitation nun ber, e, is a convenient The mean velocity in the free stream V is
paran eter for describing c avitating flows. From given by
the proc edure outlined above, it is clear that P.

and v.. whichenter in the expressionfor a, were _V 
-

not n,e.Asured directly. Therefore, P. and V0

ry A4st be obtained from the measured quantities
by taking account of elementary flow laws and where a is the pressure differential across the
certain er pirically derived corrections. The nozzle and k is a constant of proportionality.
korrec tions employed here include the correction For example, for the ORL tunnel, if A is in
for the streamwise loss in static pressure due inches of mercury and V. is in feet per second,

tothe growthof the boundarylayer in the working k - -. 2 ft/sec (inches of Hg) 1 /2 .
section; and for the larger models, the static
pressure loss from the model centerline to the If V' is the free-stream velocity in the cen-
top of the model, plus a correction to the free- ter of the tunnel without blockage corrections,
strearn velocity to account for blockage or tun- then for the ORL data
nel wall effe(ts. * Further, all ORL data were
torre ted to atcount for the change in the ve-
lo ity due to the growthof the boundary layer so V0  099 V0

that the final value of V, represents the effective
free-stream velocity along the centerline of the
m ode . while for the CIT data

If P, is the measuredworking-section static
pressure taken from taps located at the upstream v" - v'
end of the test section, ap is the loss in static

pressure due tothe growth of the boundary layer
along the orking section between the piezometer The blockage correction factor is defined as
ring and the model nose, and Av, is the loss in
pressure fro.n the model centerline to the top
of the m~odel, then -teo "-,, WIVI$,

othtn , -N ( f. Appendix B)

If account is taken of all these factors, the incip-
* IDtails of the blockage corrections are given ient cavitation number can be written as
in Appendix B.

** At the present tine the High-Speed Water 0= - o tC -C

Tunnel, CIT, hasanuncertaintyfactor withint2 f I-.0 'j
per tent for(O .1.4' T P'o

4
I!



where data N-I. At ORL, blockage corrections were
applied to the data on the eight-inch-diameter

As, hemisphere only, while at CIT, blockage correc-
£9 - tions were applied to data from both the four-

inch-diameter hemisphere and the four-inch-
and diameterogive. Of course, C. is important only

for the larger models or for very low velocities.
As

After all data had been reduced as outlined
are dimensionless coefficients for the pressure above, they were arranged in tabular forms.
losses due to the growth of the boundary layer These tables are presented in Appendix C. Mr.
in the working sectionand thedifference ineleva- R. W. Kermeenhas kindly permitted the authors
tion from the centerline to the top of the model, to use those portions of his experimental data
respectively. It has been assumed that consistent which apply to the present study. Since he has
units are employed for all quantities which form given no tables of data in reference 2, we have
the last equation so that no conversion factors included these data with our own test results in
need be explicitly indicated. For most of the Appendix C.

I

I:
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Discussion of Results

I

Dependence of aO on V0  the supercritical range 6 . Except for the eight-
inch hemisphere, all values of a, aTe below

The CIT and ORI. data are presented in 1CO,1 . This shows that the conventional method

figures 2 through 12, where the incipient cavi- of calculating the incipient cavitation index is.

tation number for each model size is shown as not valid.

a function of the free-stream velocity. The

average air t ontent for each nrodel is also shown It was observed bothat ORL and at CIT that

in the figures. 'The eight-inch-diameter hemi- wide variations in the dissolved air content made

sphere was not tested at CIT. no systematic differences in the test results (ex-
cept in the case of the one-fourth-inch hemi-

Except for the one.-fourth-inchhemisphere sphere at very low velocities). The nondepend-

(figure 2), the CIT data shoAJninfigures - through ence of the incipient cavitation number upon air
12 are generally slightly higher thanthe ORIl data. content is typified by the CIT data plotted in figure

In miost ases, this difference appears to be well 10 for the one-inch-diameter I. S-caliberogive.
within the experim;ental error one would expect

in the twotest faL lities. In addition to dissini- The data obtained fromthe tests on the one-
larities in instrurrentation and control, a re- fourth-inch hemisphere are shown in figure 2.
sorber 4 is emvployed in the circuit of the High- In particular, the CIT data become more scat-

Speed Water Tunnel to redissolve entrained air, tered as the velocity, v., decreases, and the
whereas the ORL tunnel is not equipped for this. data taken at the higher air content tend to lie

i. view of these ditefiences in the fa. ilities and above the data for the lower air content. Also,

those in the test protedure, the over-all agree- these data show a reversal of the general trend

mtrnt of the test res-ilts is %,'rv satisfactory, exhibited by figures 1 through 12 in that for the
low velocity range, e, increases with a decrease

Curves were faired through the data of fig- in the velocity. This trend is also shown by the
ures 3 through 12 and the a( curulative results CIT data for the three-eighths-inch and one-half-

are gien in !igure I 3. Because of the wide inchhemispheres in figures 3 and 4. In contrast

spread in the datafor the one-fourth-in h herni- to the data for the smaller hemispheres, the ogive
sphere, no attempt was erade to obtain a faired data do not show a reversal of the general trend

turse. Except for the oailer hemispheres at in the low velocity range. However, the ogive

low elocities. figure 13 shows that the incipient datado notextend far enough into the low velocity
ca~itation number increases with both velocity range to justify definitely concluding that a re-

and size. The cross plot of figure 1 3 excluding versal of the general trend does not exist. Ker-

the low velocity range is shown in figure 14. meen Z found that by employing a special test pro-
cedure, clear cavities up to 23 model diameters

It ts customary to assume that .- in length could be established on small hemi-
on the body, and hence for comparisonpurposes, spheres at very low velocities. In some cases,
the absolute value of the minimum pressure co- the cavities were maintained at cavitation num-
efficient ts shown in figure I) for both the hems- bers as high as 4.8. This phenomenon, which

sphere* and ogives. These values of the minimum was apparently due to air diffusion, may account
pressure coefficient are for Reynolds number in for the reversal of the general trend shown by

6
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, othe four-inch hemisphere; however, they were

less severe than those for the eight-inch hemi-
sphere. Recent tests of a two-inch-diameter
hemisphere having a somewhat rough finish

. .. . . showed that similar diamond-shaped patches
~ ~j . ,. appeared at high velocities. Possibly this in due

to the boundary layer becoming thinner as the
.....-. velocity is increased, with the resulting pro-

trusion of large roughnesses causing cavitation.
.... Polishing the eight-inch hemisphere appeared to

help somewhat, but did not completely remove
the small diamond-shaped cavitation zones.
When such zones were near the top of the model.

OGY iC M• o40 the observation of inception conditions was dif-
ficult. Further, at low pressures the cavitation
zone around the eight-inch model was confused

by growing air bubbles and entrained air, so
that observations of the inception of cavitation
were made more uncertain. This type of air-

bubble growth was observed to be more pro-
nouncedas the nose size was increased, probably
because the larger the model the greater the time

available for the air bubbles to grow at any given1 6 P free-stream velocity. The situation was im-DAMET~E. INC-[S proved by raising the pressure to 40 psia for ten

Fr(. 1, &rrL7 T or MODLL SIUPON 'NCIPILNT minutes (as mentioned under Test Procedure,
CAVITATION FOP SKYLMAL VALUES or page 2 ) todrivetheentrainedairback into solu-

tion. Then the pressure was lowered and readings

the one -fourth-inch, three-eighths-inch, and were taken before air came out of solution. We
one-half-inch hemispheres, believe that the greater scatter shown by the test

results for the eight-inch model (figure 8) is
Part of the scatter shown by the ORL data largely due to the above effects.

for the one-fourth-inch hemisphere may be due
to difficult conditions of observation in the 48-
inch tunnel. In order to see cavitation on the Dependence of (7 on Reynolds Number
model in the test section, it was necessary to
look through some two feet of water. Inaddition, The ORL and CIT data for incipient cavita-
the reflection of intense highlights from the shiny tion number are shownas a function of Reynolds
surfaceof the model hindered visual observation, number in figures 15 and 16, respectively. Re-
so that incipient cavitationwas difficult to define. ferring to figure 15, the ORL data indicate that
However, the ORL data for the one-fourth-inch the incipient cavitation number is not a unique
nose have less scatter than the corresponding CIT function of Reynolds number, for a distinct curve
data. But at CIT, since the test section is much could be drawnfor each model size. This trend
smaller, visual observations were not difficult. is also shown by the CIT data in figure 16. A)-
Hence, we may conclude that the trend so clearly though there may be some Reynolds-number
shown by the data represents an actual difference effects, we do not yet understand their full signif-

in the nature of incipient cavitation when the icance. We believe that such effects could in-
model sise and free-stream velocity are suffi- fluence the bubble growth required to produce
ciently reduced. incipient cavitation by their influence upon the

time available for the occurrence of such growth 3 .
The spread in the data for the eight-inchIhemisphere was due to surface roughness and Dependence of Oai onVd

entrained air. Small diamond-shaped cavitation

zones apparently due to very small rough spots On the basis of a dimensional analysis, J.
became fixed at random points on the nose for a W. Holl concluded that it might be useful toex-
long time before they were swept away. In some press the incipient cavitation number as a func-

cases these points ofapparent roughness seemed tion of the Weber number based upon the model

to shift to another spot. These diamond-shaped diameter. Thus, if s is the surface tension of
U cavitation patches were also characteristic of the water, v. is the free-stream velocity. p is
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the liquid densityand d is the maximum diameter ever. as shown previously. the ratio %,# was not
of the body, the Weber number of interest here varied significantly, so that one could only con-
is given by clude that , was a function of V1i. The ORL

and CIT data were then plotted as a function of
worn VA , and the results are shown in figures 17

through 20. The hemfsphere data obtained at
However, the correlation of the experimental ORL andCIT are shown in figures 17and 18, re-
data for v, with W# would imply a more general spectively. Although there is some scatter in
result than can actually be inferred from these the data, we see that, for the most part, there
Water Tunnel tests, because the ratio syp was are no consistent variations in the data because
not significantly altered during these experi- of changes in model size. The ORL and CIT data
ments. for the 1.5-caliber ogives given in figures 19

and 20 show the same correlation as did the hem-
For example, table I below shows only a isphere data, but in this case, there is less

3.38-percent variation in % when the water scatter** in the data. Thus it appears possible
temperature is changed from 70 to 100 degrees to represent the data by a single curve for each
F. Actually the temperature variation encoun- of the four figures. For comparison purposes.
tered in the course of the present experiments a curve was faired through the experimental
was somewhat less than70 to 100 degrees F, so points for each of figures 17 through 20, and
that the variation in the ratio, s/, was less from these faired curves figure 21 was con-
than 3. 38 per cent. Such a variation is not of structed. The over-all trends for the ogive and
engineering significance. hemisphere experiments are very much alikc

for both laboratories. The more detailed differ-
The ORL data for incipient cavitation number ences in the curves of figure 21 appear to be

were plotted tsa functionof Weber number, and within the experimental scatter of the plots in
j the results showed that ., could be represented figures 17 through 20.

by a single curve for each model shape. How-
From the foregoing it is clear that the pres-

ent experiments indicate a correlation between
W .r I, .. r.:,. A/p the incipient cavitation number a and the param-

I .o* k (f,.cl) eter Vo17 . We regret that the ratio of sur-
face tension to density, s/. , could not also be
varied so that the dependence of a, upon Weber

9,. ,,number could be investigated. We believe that

it may be profitable to perform similar cavita-
tion studies in different liquids to investigate the

4' ,412-S44 Weber-number dependence.

** Deviations from the theoretical body shape
would not be so critical in the case of the ogives

because of the flatter pressure distribution;
hence, this would probably account for the smaller

L Values of s were taken from reference 7. amount of scatter in the data.
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II Conclusions

'I
The ORL experiments verify the CIT findings ient cavitation number to increase with increasing

which show that the inception of cavitation in a dissolved air content. Also, in the low velocity
steady rectilinear flow of a liquid past a body range, the incipient cavitation number increased
depends upon the free-stream velocity and the with a decrease inthe velocity. This phenomenon
body size. This result was found to hold for was a reversal of the general trend character-
hemisphere -nosed bodies up to eight inches in istic of the larger hemispheres and all of the
diameter. while the largest bodies tested before 1.5-caliber ogives. Evidently. this exceptional
were two inches in diameter. In general, it was behavior is caused by air diffusion from the
verified that the incipient cavitation number in- liquid into the cavitation bubbles. Data having
creases with body scale and free -stream velocity, sizable scatter and poor reproducibility are
Except for the largest bodyat higher flow veloc- characteristic of tests made on small models at
ities, the measured values of the incipient cay- low velocities; consequently, these test conditions
itation number arz not as great as the incipient should be avoided when the results of model tests
cavitation number which would be found by the are used for predicting the performance of larger
customary calculation procedure. Hence, at the scale bodies.

inception point, the pressure external to the cav-
ities is not in general equal to the vapor pres- It has been found possible to represent the
sure as is sooftenassumed. However, for full- data from the present experiments as a function

Iscale work, it is safe to assume that v, QIC,, .. of the parameter vofi for each family of shapes
tested. Of course, the data are also representable

Except for the smaller hemispheres at the in terms of the Weber number, v,,Rd/- , be-
lower velocities (less than 30 fps) no consistent cause the ratio of surface tension to density, '/p
variations of the incipient cavitation number with was not significantlyvaried in these experiments.
air content were observed. Further experiments with other liquids should

be undertaken to see if the more general corre-
The results for the smaller hemispheres at lation of the incipient cavitation number with

lower velocities showed a tendency for the incip- Weber number is meaningful.

I
I

I

II
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Appendix A

Models and Test Configurations

Seven hemispherical heads and four 1.5- tail and with a wooden fairing to fair the eight-

caliber ogive heads were used in these experi- inch nose into the four-inch supporting body.

ments. The pertinent details concerning these These bodies were supported from the Tunnel

head forms are given in table A-I. The designa- floor by a thin aluminum strut so that the axis

tions A and B for the two-inch, one-half-inch, of the models coincided with the centerline of

and one-fourth-inch hemispheres correspond to the Tunnel test section. A pictorial description

those used in references I and 2. The Ordnance of the mounting arrangements of the various

Research Laboratory has two four-inch hemi- noses is given in table A-2. In this table, "L"

spheres designated A and B, and as shown in refers to the straight section behind the nose,

tabl- A., nose B was used in these studies. which was measured from the point where the

The eight-inch hemisphere was not tested at CIT. nose joins the straight section. The B arrange-

ment is typified by the four-inch hemisphere

At ORL the one-fntirth-inchtotwo-inchnoses with its supporting structure, shown in figure

were supported in the Tunnel on a two-inch cy- A-I.

lindrical brass body with a conical tail. The four-

inch and eight-inch noses were supported on a At CIT the test arrangement for the one-

four-inch clindrical brass body with a conical half-inch, one-inch, and two-inch ogives was

II
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Table A-1 Hemispheres and Ogives

Maximum Deviation

Diameter (inches) Type Material Made b~ from Theoretical Shape

a Hemisphere Brass ORL Not inspected

4 (B) of Brass ORL Not inspected

2 (B) It Stainless Steel CIT Not given in Ref. Z

1 1/8 it Stainless Steel CIT

1/2 (B) of Stainless Steel CIT

3/8 to Stainless Steel CIT"

1 /4 (A) it Stainless Steel CIT 0. U.003" (Ref. 2)

4 (1. 5 caliber) Ogive Brass ORL Not inspected

2 (1.5 caliber) Stainless Steel CIT U. 0020"

I (1. 5 caliber) "Stainless Steel CIT 0.0020"

1/2 (1. 5 caliber) "f Stainless Steel CIT 0.0010

Table A-2 - Mounting Arrangements

O.R.L. Experiments

Nose Size Arrange-L
and Type ment LID

l,:4". Hemisphere A 8 ve dADPER

3 ,8" 0 A 8 1 - - i

1/zoo It A 8 L

I Les to A 3

4" " B 4.5LSTU

8" "C Its

1/2", Otive A 4

1" 'A 1.5 j000PPR# 4

2 of B 5.5

441 t B 4.S

!7777,3&7 I
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YIG. A -I TH9 4-INCH I S$-CALISER OGIVE 40D0L INSTALLED IN THE
HIGH-SP;ID WATEr TUNNL

equivalent to the arrangements used at ORL. erence Z. The CIT cavitation tests for the four-
The models were supported from the bottom of inch hemisphere and ogive were made on models
the High-Speed Water Tunnel test section. The which were supported as shown in figure A-Z.
data for the one-fourth-inch to two-inch hemi- This method of support was also used for the
spheres were taken by R. W. Kermeen. A sting pressure distribution tests which were run to
support was used for all models in his experi- determine wall-effect correction factors (Appen-
ments. The details of his setup are given in ref- dix B).

Ii3
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Appendix B

Corrections for Tunnel Constraint "i

I
The elementary ideas behind the tunnel The blockage correction factor, N, calculated

blockage corrections are described in Appendix from the minimum Of of figure B-2 is shown by
A of reference I. It was found that the blockage the square symbol in figure B-I.
correction factor, N, could be Ecefined by

The incipient-cavitation data for the four-
. V inch-diameter hemisphere takenat CIT was cor-

NW \VOV. rected for blockage by using both the Iowa and
CIT correction factors. A comparison of the

where v, and C,., are the free-stream ve- corrected CIT data with the ORL data for the
locity and minimum pressure coefficient, repec- four-inch hemisphere is shown in figure B-3.
tively, for unconstrained flow. The quantities One can see that the CIT data corrected by the
v* and rC;,. are the corresponding free- Iowa correction factor agree more closely with
stream velocity and minimum pressure coeffi- the ORL results, which needed no correction.
cientas measured inthe water tunnel where the Consequently, the CIT data for the four-inch
flow is constrained. The blockage correction hemisphere presented in this report were cor-
factor, N. is defined so that for equal free- rected by the Iowa blockage factor.
stream static pressures, the minimum static
pressure is the same for both flows. For in- Blockage data were not available for the
cipient cavitation, it follows that ogive noses, so a series of pressure distribution

experiments was made at CIT. The averageU.

S- ~pressure distributions for 1.5-caliber ogive
noses of two-inch, three -inch and four -inch diam-

where e, is the incipient cavitation number for eter are shown in figure B-4. The C, curve
the constrained water-tunnel flow and r, is the for the two-inch rrodel corresponds to uncon-
incipient cavitationnumber in the equivalent un- strained flow, and the minimum C, obtainedfromr
constrained flow. the curve is -0. 3Q8, while a similar Iowa result0,

obtained by interpolation, gives -0.410 for the
When a systematic series of pressure dis- minimum C. For computing N, a value of -0. 404

tributions for various degrees of blockage on a was taken for the minirrum C. in unconstrained

given shape is available, the blockage factor N flow. The resulting blockage cr rrections for the
is easily determined. Such experimental pres- I.5-caliber ogives are shown as a solidcurve
sure distributions have been reported by the Iowa infigure B-I. We see that the wall-effect curves
Institute of Hydraulic Research8 for a family of for the two nose shapes intersect in figure B-1.
hemispheres. The correction factors derived The blockage theory of Lock and Johansen9 in-
from the Iowa tests are plotted against the model dicates that we may expect the correction curve
diameter to working sectiondiameter ratio, d/D, for the ogives to have a slightly greater slope
in figure B-I. than the hemisphere correction curve, but cer-

tainly not an intersection as shown in figure B-I.

Pressure distributiontests for a four-inch- It is estimated that the CIT values for the mini-
diameter hemisphere were made at CIT to check mum C, have atotal uncertaintyfrom all causes
the Iowa results. The averaged and faired re- which is less than t 3 per cent. The precision
suits of these tests are shown in figure B-Z. of the Iowa data is not known.

24
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Appendix C

1Tables of Experimental Data

The attached tables give the values of the given here have been corrected in accordance
incipient cavitation numbers which were found with the procedure outlined in the section en-
from visual observations of theflow. The values titled Reduction of Data, page 4

4.0,ii4 .. 6* 4...4.. - A..j..) 6. 5q14 5 0.D.*64,lhl N*.p4,*~r - A... 1. 194

a 55. T., . 46 O1k.4.. T..' M.. ?16

T*e v vl ,ja * * 4,. C A,, ') V *74 * * 10- A,, Cosmos)

___ _____ A o (*r' 9 to4 ..... . A. 4 C..lo'9 d

i46 1.1 7 .i 1 $4? %44 10.6 %.41 1.14

14 61 445 4 I 49a "1 )5 64 %S4 s0.6 4.41 5. 14
544) 470 I$ I 49) 50) I )4 .44i 94.) 4.141 5.o44

I* %t 47' 14,5 4 1 154 440 94 5 4.94 5.44

g1t . 94 48 5.4 14 1 . 141 19. ? . 4.51

5 i4 .47 41 5 , 10 5.AS 1411 4 1 7.0

I t 549 4. .1f, 5.94
340 09 4 IJ 7 74 I 5 14*4 .444 444 0.5I5 141

I4 i 4 44 5 7 44 5404 444 4s 4 5.45 1.04
345) 45* 4 4. I 4 5174 .$44 4 4 0 45 5.04

loss "I4 it 1 40 1416 q 4 So 6 1.41 1 is
to"4 4) sI4 t 94 1 %1 1411 4?7 44 4 4.11 1 .1

t408 6. 49 4 1 4 t 15 44 1411 %74 44. ? 15.6 1.4j
14 49 4 4 4 o 14bo .44 4 s.7 50.4 1.40

10.0) 4*0 4 10 1 14)4 I 44 4.7 II 4 1.04 1.4 6
I646 "0 1 11 0; 1a 1494 o"4 H 11.4 1,64
5644 44 1 1 I I1 0 I,454 .$4:4 44.7 55.0 1.5 1

II5045 40 99 0 IS$ 4 5I5 5 0 7 *I 5444 495 T4.4 59.5 3 .91

44J 404 74 55 1 0 5I 54 5447 .40 74 4 5341 .1

1401 114 44 . Is I
lost? %4 461 is1 I I

I14" l.6 1,1

i All air contents are in parts per million. The
values of air content for the ORL tests were cOr-
rectedtoaccount for water vapor on the mercury
column of the Van Slyke apparatus. J
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